The estrogen-related receptors (ERR␣, -␤, and -␥) are a subfamily of orphan nuclear receptors (designated NR3B1, NR3B2, and NR3B3) that are structurally and functionally related to estrogen receptors ␣ and ␤. Herein we test the hypothesis that ERR␣ regulates transcription of the genes encoding the enzymes involved in adrenal steroid production. Real-time RT-PCR was first used to determine the levels of ERR␣ mRNA in various human tissues. Adult adrenal levels of ERR␣ transcript were similar to that seen in heart, which is known to highly express ERR␣. Expression of ERR␣ in the adult adrenal was then confirmed using Western blotting and immunohistochemistry. To examine the effects of ERR␣ on steroidogenic capacity we used reporter constructs with the 5-flanking regions of steroidogenic acute regulatory protein (StAR), cholesterol side-chain cleavage (CYP11A), 3␤-hydroxysteroid dehydrogenase type II (HSD3B2), 17␣-hydroxylase/ 17,20-lyase (CYP17), and dehydroepiandrosterone sulfotransferase (SULT2A1). Cotransfection of these reporter constructs with wild-type ERR␣ or VP16-ERR␣ expression vectors demonstrated ERR␣ enhanced reporter activity driven by flanking DNA from CYP17 and SULT2A1. SULT2A1 promoter activity was most responsive to the ERR␣ and VP16-ERR␣, increasing activity 2.6-and 79.5-fold, respectively. ERR␣ effects on SULT2A1 were greater than the stimulation seen in response to steroidogenic factor 1 (SF1). Transfection of serial deletions of the 5-flanking DNA of the SULT2A1 gene and EMSA experiments indicated the presence of three functional regulatory cis-elements which shared sequence similarity to binding sites for SF1. Taken together, the expression of ERR␣ in the adrenal and its regulation of SULT2A1 suggest an important role for this orphan receptor in the regulation of adrenal steroid production. (Endocrinology 146: 3605-3613, 2005) 
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T HE ESTROGEN-RELATED RECEPTOR (ERR) family is
composed of three members: ERR␣ (NR3B1), ERR␤ (NR3B2), and ERR␥ (NR3B3) (1, 2) . Although all three ERR family members are closely related to the classic estrogen receptors, natural estrogens do not activate these receptors. At present, only synthetic compounds such as 4-hydroxytamoxifen, diethylstilbestrol, and XCT90 have been shown to bind and antagonize the effects of ERR family members (3) (4) (5) (6) . The question remains as to whether an endogenous activating ligand actually exists for this receptor family. Recent crystallographic studies suggest that in the absence of ligand, ERRs assume the conformation of ligand-activated nuclear receptors (7) . It is thus possible that ERRs are constitutively active orphan nuclear receptors regulated mainly in an antagonistic manner.
Of the three isoforms of the ERR, ERR␣ is the most widely expressed in adult tissues (1, 8) . ERR␣ is expressed in both fetal and adult tissues with high levels of expression noted in the heart and kidney (1, 9 -12) . However, relatively little is known concerning its regulation or gene targets in development or adulthood.
Although ERR␣ displays some sequence similarity to estrogen receptors (ER), its transcriptional activity is not limited by recognition of estrogen response elements. Although ERR␣ can bind estrogen response elements as homodimers or heterodimers (13, 14) , it can also bind extended nuclear receptor half-sites (i.e. TnAGGTCA), also known as ERR response elements (ERRE) as monomers or homodimers (8, 13, 15, 16) and have been shown to both enhance and repress gene transcription (8, 9, 14, 15, (17) (18) (19) (20) (21) (22) . Another orphan receptor, steroidogenic factor 1 (SF1; NR4A1) also regulates transcription through nuclear receptor half-sites and has been shown to be critical for development of adrenals and gonads (23, 24) . In addition, SF1 regulates transcription of the genes encoding the steroidogenic acute regulatory (StAR) protein and several of the enzymes involved in steroid hormone biosynthesis (25) (26) (27) (28) .
The ability of SF1 and ERR␣ to regulate transcription through similar cis-elements and their coexpression within adrenocortical cells led us to define the role of ERR␣ in the regulation of steroidogenic enzyme gene transcription. Herein, we demonstrate that ERR␣ is expressed in the human adrenal gland and that it acts to increase expression of 17␣-hydroxylase/17,20-lyase (CYP17) and dehydroepiandrosterone (DHEA) sulfotransferase (SULT2A1). In addition, the effects of ERR␣ on transcription of the genes encoding steroidogenic enzymes was unique from that seen for SF1.
Materials and Methods

RNA extraction, cDNA synthesis, and real-time PCR
Normal human adult adrenals were obtained through the Cooperative Human Tissue Network (Philadelphia, PA), and normal human adult testis and liver total RNA were obtained from the Clontech master panel II (catalog no. K4008-1; Clontech, Palo Alto, CA). Human ovaries and placenta as well as whole fetal brain, heart, and kidney were obtained from Parkland Memorial Hospital (Dallas, TX) and were determined to be normal. The use of these tissues was approved by the Institutional Review Board of the University of Texas Southwestern Medical Center (Dallas, TX). Total RNA was extracted from tissues as previously described (29) . Purity and integrity of RNA was checked spectroscopically and by gel electrophoresis before use. Two micrograms of DNase-treated total RNA were reverse transcribed in a final volume of 50 l using the high-capacity cDNA archive kit (Applied Biosystems, Foster City, CA) and stored at Ϫ20 C.
Primers for the amplification were based on published sequences for human ERR␣ and SULT2A1. The following primer sequences were used: ERR␣ (NM_004451) forward, 5Ј-CACCATCAGCTGGGCCAAGAG-3Ј (exon 5), and reverse, 5Ј-GGTCAGACAGCGACAGCGATG (exon 6), which produced a 55-bp fragment; and SULT2A1 (NM_003167) forward, 5Ј-TCGTGATAAGGGATGAAGATGTAATAA-3Ј (exon 1), and reverse, 5Ј-TGCATCAGGCAGAGAATCTCA-3Ј (exon 2), which produced an 83-bp fragment. PCR were performed using the ABI Prism 7000 Sequence Detection System (Applied Biosystems) in a total volume of 30 l reaction mixture following the manufacturer's recommendations using the SYBR Green Universal PCR master mix (Applied Biosystems), 0.1 m of each primer, and 5 l of each first-strand cDNA sample. A dissociation protocol was performed at the completion of each experiment to verify that a single specific PCR product was amplified. Standard curves were prepared using the human ERR␣ expression vector. No-template controls contained water in place of first-strand cDNA. Each sample was normalized on the basis of its 18S rRNA content. The 18S quantification was performed using a TaqMan rRNA reagent kit (Applied Biosystems) following the manufacturer's recommendations.
Protein immunoblotting analysis
Cultured H295R adrenocortical cells and adult adrenal and liver samples were used to prepare nuclear extract following the protocol described previously (30) . PAGE was carried out on the samples using a precast Novex gel electrophoresis system with 4 -12% bis-Tris NuPage gels (Invitrogen, Carlsbad, CA). Proteins were electrophoretically transferred onto polyvinylidene difluoride membranes by wet transfer for 1 h at 30 V. After transfer, the membranes were incubated overnight at 4 C with rabbit ERR␣-specific antibody (1:1000 dilution) designed against the N-terminal region of ERR␣ (catalog no. AB16363; Abcam, Cambridge, MA). Membranes were incubated with horseradish peroxidaseconjugated secondary antibodies, and immunoreactive bands were visualized using enhanced chemiluminescence Western blotting detection reagents from Amersham Pharmacia Biotech (Piscataway, NJ). Lamin B (catalog no. SC-6216; Santa Cruz Biotechnology, Santa Cruz, CA) was used as a loading control for nuclear extracts.
Cell culture and transfection assay
Transfection assays were performed using CV-1 cells, which were derived from the kidney of the African green monkey (ATCC CCL-70; American Type Culture Collection, Rockville, MD) (31) because of their significantly lower levels of ERR␣ expression than adrenal cells (data not shown). CV-1 cells were cultured in DMEM/F12 medium (Invitrogen) supplemented with 5% NuSerum (Collaborative Biom, Bedford, MA) and antibiotics. For transfection experiments, Fugene 6 (Roche, Indianapolis, IN) was used to transfect 1 g of reporter plasmid and 0.3 g of expression vectors. To assure constant amounts of DNA per well for each transfection, pCMX empty vector was used. The cells were cotransfected with 50 ng/well of ␤-galactosidase plasmid (Promega, Madison, WI) to normalize luciferase activity. Cells were harvested 22-24 h after recovery and assayed for luciferase activity using the luciferase assay system (Promega).
Preparation of reporter constructs and expression vectors
The 5Ј-flanking DNA from the human genes for StAR, cholesterol side-chain cleavage (CYP11A1), 3␤-hydroxysteroid dehydrogenase type II (HSD3B2), 11␤-hydroxylase (CYP11B1), aldosterone synthase (CYP11B2), CYP17, and SULT2A1 were inserted upstream of the firefly luciferase gene in the reporter vector pGL3basic (Promega). SULT2A1 deletion constructs were described previously (32) . Empty pGL3basic served as the control vector to measure basal activity in all transfections. The human ERR␣ and VP16-ERR␣ were described previously (4) . The coding regions of human SF1 and DAX (dosage-sensitive sex reversal, adrenal hypoplasia congenital, critical region on the X chromosome, gene 1) were inserted into the eukaryotic expression vector pcDNA 3.1 zeo (Invitrogen) (26) . Mutations to putative ERR␣ binding sites in the SULT2A1 promoter were created using the QuikChange XL site-directed mutagenesis kit (Stratagene, La Jolla, CA) following the manufacturer's recommendations. Primer sets used for the mutations have been previously described (32) .
Immunohistochemistry
Immunohistochemical analysis was performed employing the streptavidin-biotin amplification method using a Histofine Kit (Nichirei, Tokyo, Japan). Antibodies used include SULT2A1 (rabbit polyclonal) (33), SF1 (rabbit polyclonal) (kindly provided by Dr. K. Morohashi, National Institute for Basic Biology, Okazaki, Japan) (34), and ERR␣ (mouse monoclonal; 2ZH5844H) purchased from Perseus Proteomics (Tokyo, Japan) (35) . Antigen retrieval for immunostaining of SF1 and ERR␣ was performed by heating the slides in an autoclave at 121 C for 5 min in citric acid buffer (2 mm citric acid and 9 mm trisodium citrate dehydrate, pH 6.0). The dilutions of the primary antibodies used in this study were 1:1000. The antigen-antibody complex was visualized with 3.3Ј-diaminobenzidine solution [1 mm diaminobenzidine, 50 mm TrisHCl buffer (pH 7.6), and 0.006% H 2 O 2 ] and counterstained with hematoxylin. For negative controls (data not shown), normal rabbit or mouse IgG was used instead of primary antibodies, and no specific immunoreactivity was detected in these sections. Histological identification of three zones of the human adrenal cortex was based on previously published criteria (36) .
EMSA
Nuclear extracts from human adult adrenal tissue were prepared as described above. EMSA were performed as previously described (30) using the oligonucleotides for cis-elements in the SULT2A1 gene as described previously (32) .
Data analysis and statistical methods
Data from at least three experiments run in triplicate, for a total of nine independent observations for each condition, were pooled and analyzed using single-factor ANOVA with Student-Newman-Keuls multiple comparison method, using SigmaStat version 3.0 (SPSS, Chicago, IL). Significance was accepted at the 0 -0.05 level of probability.
Results
Human adrenal tissue expresses ERR␣ mRNA and protein
To demonstrate expression of ERR␣ in the human adult adrenal gland and to characterize the expression pattern of ERR␣ in steroidogenic tissues, quantitative real-time RT-PCR was performed using mRNA isolated from human adult adrenal, ovary, testis, placenta, and fetal adrenal as well as control tissues (fetal brain, heart, and kidney) reported to highly express ERR␣ (1, 8) (Fig. 1) . ERR␣ transcripts in the fetal adrenal (0.61 amol/g 18S) and placenta (0.60 amol/g 18S) were comparable to the levels detected in the testis (0.50 amol/g 18S), fetal brain (0.49 amol/g 18S), and fetal kid-ney (0.60 amol/g 18S) tissue samples. Compared with other tissues, the expression of ERR␣ mRNA in the liver was low (0.205 amol/g 18S). This observation is in agreement with the levels of ERR␣ mRNA detected in previously published Northern analysis data (1, 11) . Once the presence of ERR␣ mRNA in the human adrenal was demonstrated, Western analyses were performed to confirm the presence of the ERR␣ protein (Fig. 2) . Incubation with ERR␣-specific antibody revealed the presence of ERR␣ protein in nuclear extracts of human adult adrenal glands as well as in the H295R adrenocortical cell line. No detectable level of ERR␣ protein was found in liver nuclear extract, which correlates with the real-time RT-PCR data and with previous studies indicating low levels of ERR␣ expression in liver (1, 11) .
Finally, immunohistochemical staining of adrenal sections was performed to localize the expression of ERR␣ within the human adrenal gland (Fig. 3) . ERR␣ immunoreactivity was detected in nuclei of cortical cells of the entire adrenal cortex, including zona glomerulosa (Fig. 3A) , fasciculata, and reticularis (Fig. 3B) . No ERR␣ was detected in the cells of the adrenal capsule or inner medullary cells. No staining was observed in the absence of ERR␣ antibody.
ERR␣ activates the transcription of SULT2A1 and CYP17
To better determine the role of ERR␣ in the regulation of adrenal steroidogenesis, we examined its effects on the transcription of the genes encoding the enzymes involved in steroid hormone biosynthesis and the StAR protein.
The promoter constructs tested include CYP11A1, StAR, HSD3B2, CYP17, CYP11B1, CYP11B2, and SULT2A1. To minimize competition with endogenously expressed ERR␣, CV-1 cells were used for transfection studies because these Real-time RT-PCR was performed to quantify the level of ERR␣ mRNA in adult adrenal (a. adrenal), fetal adrenal (f. adrenal), placenta, ovary, testis, liver, fetal brain (f. brain), fetal heart (f. heart), and fetal kidney (f. kidney) as described in Materials and Methods. Data represent the mean Ϯ SEM of at least three independent DNase-treated RNA samples and are expressed in attomoles of mRNA per g of 18S rRNA.
FIG. 3. Immunohistochemical analysis of ERR␣ (A and B), SF1 (C)
, and SULT2A1 (D) in human adult adrenal gland. ERR␣ immunoreactivity was detected in the nucleus of cortical cells in zonae glomerulosa (A), fasciculata, and reticularis (B). SF1 immunoreactivity was detected in the nucleus of cortical cells in all three zones (C), whereas SULT2A1 immunoreactivity was detected in the cytoplasm of cortical cells in zona reticularis (D), as reported previously (36, 37) . Panels B-D were demonstrated as same tissue field in the serial sections. Bar, 100 m. G, Glomerulosa; F, fasciculata; R, reticularis.
cells express low levels of ERR␣ (data not shown). Of all constructs tested, only CYP17 (1.5-fold) and SULT2A1 (2.6-fold) showed transcriptional activation when cotransfected with 0.1 g ERR␣ (Fig. 4A) . We also examined the effects of a VP16-ERR␣ chimera, which contains a VP16 insert directly 5Ј to the ERR␣ coding sequence. This VP16 insert is a portion of the viral protein 16 promoter region isolated from the herpes simplex virus, and when placed upstream to the ERR␣ coding sequence, it mimics a ligand-activated transcriptional response. Again, only the CYP17 (12.1-fold) and SULT2A1 (79.5-fold) reporter constructs exhibited a marked responsiveness to the VP16-ERR␣ chimera (Fig. 4B) .
ERR␣ was then cotransfected into CV-1 cells with the SULT2A1 reporter construct and increasing concentrations of expression vectors encoding ERR␣ or VP16-ERR␣ (Fig. 5) . The SULT2A1 promoter was activated by ERR␣ and VP16-ERR␣ in a concentration-dependent manner with activity increasing to 10.2-and 223.4-fold above basal levels, respectively, when cells were cotransfected with 1.0 g/well of expression plasmid.
Identification of ERREs by deletion and mutation analyses
The SULT2A1 5Ј-flanking DNA contains several putative nuclear receptor half-sites (Fig. 6A ) that match or closely resemble the consensus binding site TCAAGGTCA for ERR␣. To determine whether these nuclear receptor halfsites were potential ERREs, a series of deletion constructs were created containing progressively shorter fragments of SULT2A1 5Ј-flanking DNA. These deletion constructs were cotransfected into CV-1 cells with empty pCMX expression plasmid or pCMX containing the ERR␣ (Fig. 6B) or VP16-ERR␣ (Fig. 6C) coding sequences. VP16-ERR␣ responsiveness was reduced by approximately 50% of that seen with the wild-type promoter when the Ϫ1063 promoter deletion construct was cotransfected. Reporter activity further decreased after transfection with the Ϫ50 deletion fragment of the SULT2A1 to a level similar to that observed with pGL3basic vector. The pattern of effects of the various SULT2A1 promoter deletions on reporter activity was similar for both wild-type ERR␣ and VP16-ERR␣. The combination of sequence and deletion analyses indicates three potential ERR␣ cis-elements: Ϫ1191, Ϫ85, and Ϫ65.
To determine the relative importance of each putative ERR␣ cis-element, all three sites were individually mutated in the context of the full-length (Ϫ1259 bp) SULT2A1 gene promoter (Fig. 7A) . Reporter activity of the wild-type and mutated reporter constructs were examined when cotransfected with either ERR␣ (Fig. 7B ) or VP16-ERR␣ (Fig. 7C ) expression vectors. Mutation of the Ϫ1191 site lowered VP16-ERR␣ responsiveness to approximately 40% of wild type. After mutation of the Ϫ85 site, VP16-ERR␣ responsiveness is lowered to 5% of wild type. Finally, VP16-ERR␣ responsiveness of the SULT2A1 gene promoter is lowered to 16% of wild type after mutation of the possible ERRE at Ϫ65. The effect of mutation of these cis-elements was similar for both wild-type ERR␣ and VP16-ERR␣ with regard to the fold induction of reporter activity.
ERR␣ binding to putative ERR␣ cis-elements of the SULT2A1 promoter
To determine whether ERR␣ interacts directly with either the Ϫ85 or Ϫ65 cis-element of the SULT2A1 promoter, 32 Plabeled oligonucleotides containing sequence to correspond with these specific elements were prepared and used in EMSA analysis (Fig. 8) . Both elements bound proteins in nuclear extracts from adult adrenal tissue, although the Ϫ85 site bound with greater efficiency than the Ϫ65 site. Binding could be completely blocked by addition of unlabeled oligonucleotide (data not shown). Complex formation was partially retarded causing a shift when antibody targeting the amino terminus of ERR␣ was added to the reaction mixture in a dose-dependent fashion.
Effects of SF1 on the regulation of the SULT2A1 gene promoter by ERR␣
It is known that SF1 enhances transcription of the genes encoding steroid-metabolizing enzymes through its action at
FIG. 4. Effects of ERR␣ (A)
and VP16-ERR␣ (B) expression constructs on steroidogenic promoters. CV-1 cells were transfected with luciferase promoter constructs containing CYP11A1, StAR, HSD3B2, CYP17, or SULT2A1 (1 g/well). Cells were cotransfected with expression plasmids containing the coding sequence of ERR␣ or VP16-ERR␣ at a concentration of 0.1 g/well. At 24 h after transfection, the cells were lysed and assayed for luciferase. Data were normalized to cotransfected ␤-galactosidase expression vector, and results are expressed as fold increase over basal activity. Results are presented as mean Ϯ SEM of data from at least three independent experiments performed in triplicate. *, ERR␣ or VP16-ERR␣ activation of the SULT2A1 promoter construct significant at P Յ 0.001. hERR␣, Human ERR␣.
nuclear receptor half-sites, and we have previously shown that SF1 regulates SULT2A1 (32, 37) . Our current data suggest that ERR␣ also enhances transcription of a steroid-metabolizing enzyme gene, SULT2A1, via binding of nuclear receptor half-sites. Therefore, we next examined the combined effects of SF1 and ERR␣ on the SULT2A1 reporter construct.
CV-1 cells were cotransfected with the luciferase reporter construct for SULT2A1 and expression plasmids containing the coding sequences for ERR␣, SF1, or a combination of both ERR␣ and SF1 (Fig. 9) . The level of SF1 (0.1 g/well) used in the transfection was optimized before testing and enhanced transcription of the SULT2A1 promoter approximately 4-fold over basal, whereas ERR␣ (0.3 g/well) enhanced transcription 5.1-fold over basal. When SF1 and ERR␣ were cotransfected, SULT2A1 transcription was enhanced 4.4-fold over basal, indicating that these factors likely /well) as indicated. Cells were lysed and assayed for luciferase 24 h after transfection. Data were normalized to cotransfected ␤-galactosidase activity, and fold induction was calculated relative to the basal promoter control. Results represent the mean Ϯ SEM of data from at least three independent experiments performed in triplicate. *, ERR␣ or VP16-ERR␣ activation of the SULT2A1 promoter construct significantly lower than the next largest promoter deletion construct at P Յ 0.018. hERR␣, Human ERR␣.
exert their effects on SULT2A1 transcription independently, perhaps using the same cis-elements.
Effects of DAX1 on ERR␣ activation of SULT2A1 transcription
DAX1 (NR0B1) is another orphan nuclear receptor that is a known inhibitor of SF1 activity. Because SF1 and ERR␣ use some of the same nuclear receptor half-sites, the question arises whether DAX1 can also inhibit the effects of ERR␣ on the SULT2A1 promoter. CV-1 cells were cotransfected with the luciferase reporter constructs for SULT2A1 and expression plasmids containing the coding sequences for ERR␣, SF1, or both in combination with the expression plasmid for DAX1 (Fig. 9) . Transfection of both ERR␣ and SF1 enhances SULT2A1 reporter gene transcriptional activation more than 4.4-fold over basal activity. Addition of DAX1 completely ablated the ability of both ERR␣ and SF1 to enhance SULT2A1 transcription, reducing activity to that observed with pGL3basic vector.
Discussion
The production of DHEAS within the adrenal cortex relies on three steroid-metabolizing enzymes. CYP11A and CYP17 are involved in the conversion of cholesterol to DHEA, whereas the steroid sulfotransferase SULT2A1 catalyzes the sulfonation of DHEA to DHEA sulfate (DHEAS) (38) . This sulfonation of the DHEA molecule results in an increase in relative stability, thereby allowing DHEA to circulate for longer periods of time after being released by the adrenal gland and results in DHEAS being quantitatively the most abundant circulating hormone secreted by the human adrenal gland (39 -41) . This high level of circulating DHEAS is used in peripheral tissues that have sterol sulfatase, which is capable of reversing the sulfonation reaction and providing DHEA as a precursor for local steroid hormone production (42) (43) (44) . Previous reports suggest that a significant amount of androgens in men and in postmenopausal women are derived from this peripheral conversion of DHEAS (45) . The adrenal enzyme SULT2A1 plays a critical role in maintaining the high levels of circulating DHEAS and thus providing the needed precursors for estrogen and androgen production in specific peripheral tissues.
In the past, the production of DHEAS from the zona reticularis, unlike the products of the zona glomerulosa and zona fasciculata, has received relatively little attention /well) as indicated. Cells were lysed and assayed for luciferase 24 h after transfection. Data were normalized to cotransfected ␤-galactosidase activity, and fold induction was calculated relative to the basal promoter control. Results represent the mean Ϯ SEM of data from at least three independent experiments performed in triplicate *, ERR␣ or VP16-ERR␣ activation of the SULT2A1 promoter construct significantly lower than that of the nonmutated (Ϫ1259) SULT2A1 clone at P Ͻ 0.001. hERR␣, Human ERR␣. mostly because of its existence only in humans and a few other primates. The primate-specific production of these adrenal steroids has limited model-system access for laboratory research. Also, the fact that DHEAS lacks direct androgen activity and that a definitive receptor has not been defined has slowed research into its function in steroid-mediated biological processes (46, 47) . Although the enzymatic activity of SULT2A1 has been studied in some detail, the mechanisms controlling transcriptional regulation of the SULT2A1 gene are still largely unknown.
In recent years, the roles of nuclear hormone receptors in the regulation of physiological processes have been studied widely and with steady progress. Various nuclear hormone receptors are involved in a wide range of functions including development, cell growth, and differentiation (48 -52) . The functional roles maintained by nuclear hormone receptors are sometimes mediated by nuclear hormone receptor ligands. However, ligands have not been identified for all of the known nuclear hormone receptor families and thus, these nuclear receptors with no known ligand have been given the name orphan receptors. Identified because of their similarity to the classic ER␣, the ERR were among the first orphan nuclear receptors ever described (1) . These orphan receptors, along with the estrogen receptors, belong to group III of the nuclear receptor superfamily, which also includes the glucocorticoid, mineralocorticoid, progesterone, and androgen receptors.
The number of target genes for the ERR family of nuclear transcription factors is rapidly growing, whereas the prospect of finding endogenous activating ligands for each family member appears to be decreasing. It is possible that no activating ERR ligands exist and that regulation of ERR activity might reside in the regulation of its expression. ERR␣ in particular has been attributed with various functional roles involving multiple target genes. ERR␣ is known as a transcriptional repressor of the simian virus 40 promoter (19) , as a repressor of retinoic acid induction of the medium-chain acyl coenzyme A dehydrogenase (MCAD) gene (8) , and as a repressor of the aromatase promoter (53) as well as an activator of the thyroid receptor ␣ gene promoter (15) and the osteopontin gene (10) . ERR␣ is widely expressed in adult tissues and exhibits a broad range of target genes, and previous reports have shown expression in the mouse adrenal gland (1) . Herein we demonstrated that ERR␣ is present in the human adrenal and that it is able to regulate transcription of steroidogenic enzymes. Both real-time RT-PCR and Western blot analysis confirm the presence of ERR␣ in the human adrenal, whereas immunohistochemical staining localizes ERR␣ to the nuclei of the adrenocortical cells. Transfection analyses indicate that steroid sulfotransferase, encoded by the SULT2A1 gene, was the steroid-metabolizing gene most responsive to cotransfection with ERR␣, whereas CYP17 also showed a moderate response.
The consensus extended half-site, 5ЈTnAAGGTCA-3Ј, also known as the ERRE (8) . Cells were cotransfected with expression plasmids containing the coding sequences for ERR␣ or SF1 alone or in combination with the expression plasmid for DAX1 at concentrations of 0.1 g/well. After 24 h, the cells were lysed and assayed for luciferase activity. Data were normalized to cotransfected ␤-galactosidase expression vector, and results are expressed as a fold induction over the basal reporter activity. Results represent the mean Ϯ SEM of data from at least three independent experiments each performed in triplicate.
shown that ERR␣ is capable of binding the ERRE as a monomer (13) or as a homodimer (15) . However, ERR␣ is not the only transcription factor that is known to bind this particular DNA element. This binding site is also recognized by the monomeric orphan nuclear receptor SF1, which is a well known regulator of steroid biosynthesis in the adrenal cortex (54 -56) . This SF1 response element, which is identical to the ERRE, has previously been identified within the SULT2A1 gene promoter (32) , and SF1 was found to use two such sites (-85 and Ϫ65). Thus, ERR␣ may also act via these cis-elements, as well as other possible SF1 response elements previously identified, further adding to the complexity of regulation of SULT2A1 gene expression within the human adrenal cortex.
Analysis of the SULT2A1 5Ј-flanking region revealed six possible nuclear receptor half-sites for ERR␣ action (Ϫ1191, Ϫ895, Ϫ499, Ϫ302, Ϫ85, and Ϫ65 sites). However, deletion analysis of the flanking region indicated that when interacting with the ERR␣ construct, the Ϫ85 and Ϫ65 sites played significant roles in the activation of the SULT2A1 gene transcription. Use of the VP16-ERR␣ chimera further indicated that the Ϫ1191 site on the SULT2A1 promoter was significantly involved in gene transcription. Mutational manipulation of the individual cis-elements confirmed that maximal ERR␣ enhancement of SULT2A1 reporter gene activity relied on all three sites but particularly the Ϫ85 and Ϫ65 sites. Further investigation via EMSA confirmed a direct interaction of the ERR␣ protein with the Ϫ85 and Ϫ65 sites in vitro. Because most of the ERR␣-related enhancement of SULT2A1 gene activity could be localized to the Ϫ85 and Ϫ65 sites of the gene promoter, and SF1 has previously been shown to act at the same sites, the question arises as to whether SF1 and ERR␣ act collectively at these sites or in competition with each other. We have shown that the two nuclear receptors likely compete for the Ϫ85 and Ϫ65 sites to produce similar levels of gene transcriptional activation.
Because ERR␣ is expressed throughout the adrenal cortex, this suggests that it may play additional roles in the regulation of adrenal hormone production that are yet to be elucidated. The suggestion that ERR␣ competes with SF1 for certain of its nuclear receptor half-sites infers a parallel purpose of the two nuclear hormone receptors. In that regard, both SF1 and ERR␣ are inhibited by DAX1, a nuclear hormone receptor previously shown to interact with SF1 and block its transcriptional activity through the recruitment of corepressors (57) . Despite the ability of these factors to compete for certain cis-elements, our results ( Fig. 1) demonstrate that the effects of ERR␣ are not the same as is seen for SF1, suggesting that the role of these two transcription factors in the adrenal is distinct (26, 37) . The ability of SF1 to transactivate all genes encoding adrenal steroidogenic enzymes (except aldosterone synthase) suggests a much broader role for SF1 in the regulation of steroidogenic enzymes. Our data would suggest that both SF1 and ERR␣ share the ability to enhance SULT2A1 and CYP17 transcription. Intriguingly, both of these enzymes are needed for the production of DHEAS.
The adrenal zona reticularis is known for its production of DHEA and DHEAS, and previous studies have shown the presence of SULT2A1 in the cytosol of the cells composing the reticularis (33, 36, 58) . However, little is known about the mechanisms involved in the production of DHEA or DHEAS from this cortical zone. The role of orphan nuclear receptors as regulators of transcription has been the key to understanding the mechanisms controlling regulation of the SULT2A1 gene in the absence of appropriate animal models.
The results presented here demonstrate a tissue-specific regulation of the SULT2A1 gene by the orphan nuclear receptor ERR␣ and thus shed more light on the processes involved in adrenal DHEAS production.
